This article is a brief reflection about 15 years of CO 2 capture and storage (CCS) development in Europe and the consequences of some failed CCS project announcements for the goals of a future climate-friendly and sustainable supply of energy.
The theoretical CO 2 storage capacity of the depleted natural gas reservoirs in the Altmark region of Germany is estimated to be up to 600 Mt of CO 2 . Several pre-feasibility studies have investigated the potential combination of CO 2 storage with enhanced gas recovery (CSEGR) for the Altmark reservoirs (Rebscher and Oldenburg 2004; Pusch 2009) . A pilot project for practical testing the feasibility of this option has been prepared by Gas de France Suez. It has been supported by a joint research project funded by the German Geotechnologien Program. However, an injection permit has not been granted and finally the operator of the gas field decided to cancel the pilot project (Kühn 2012, this volume) .
The idea of CCS has been propagated by energy and climate politics as an essential technology for the reduction of greenhouse gas emissions from anthropogenic sources. Large-scale projects have been proposed in the first decade of this century by fossil fuel intensive industries and power producers. Many of the proposed projects have been withdrawn and the implementation of CCS technologies is stagnant in many European countries (von Hirschhausen et al. 2012) . The lack of political support, legal security, public acceptance, and confidence for long-term investments into infrastructure are main barriers for the realization of CCS projects.
The technical components of the CCS chain are available. They have been successfully installed in CCS projects, such as the Norwegian Sleipner Field, since 1996. Each project has its own technical challenges to overcome, such as issues of integration, adaptation of infrastructures, and uncertainties resulting from limited site-specific knowledge on properties of the deep subsurface. However, the socio-economic uncertainties are the main reason why not more attempts have been made to tackle the geotechnical challenges of CO 2 storage in industrial scale demonstration projects. ''They wanted too fast, too much'', is one politician's resume about failed industrial CO 2 storage plans. It is true, new technologies are usually developed gradually, scaling up from laboratory via pilot and demonstration projects to industrial implementation scales. But, do we really have that time for the development of CCS?
The primary reason for CO 2 storage is climate protection, or more precisely protection of human societies and environment against the negative impacts resulting from rapid climate change. There is no more doubt about the fact, that we are witnessing a rapid climate change, with increased numbers of extreme weather events that adversely affect our societies. For example, according to data presented at the Extreme Weather Congress in Hamburg, 2012 anthropogenic emissions of CO 2 are the main factor contributing to the recent climate change, and a reduction of CO 2 emissions is needed.
The world's population is growing and the wish for well-being of developing societies cannot be declined. Thus, the global energy demand from fossil fuel will grow, and hence increase the greenhouse gas emissions. The limited availability of finite resources will lead to increasing production costs, and attenuate the still growing consumption of fossil fuel in the future, when resources become scarce and alternative resources compatible. For the next decades, global consumption of fossil fuel is expected to increase (IEA 2011) . From a global climate perspective, it does not matter where CO 2 is emitted and by whom. However, a global implementation of CCS can't be successful without achieving agreements on fair global burden sharing. Taking into account per-capita CO 2 emissions and accepting even emission growth for some countries while demanding stronger efforts from others is necessary, or else it will be hard to persuade some developing countries emitting a large share of the global anthropogenic CO 2 to sacrifice some of their developing options for the sake of a global effort to reduce anthropogenic CO 2 emissions.
The expected future fossil energy consumption is considered in the scenarios used by the IPCC (2007) to calculate atmospheric CO 2 concentrations and to predict the climate evolution in this century. CCS could have a significant share amongst the other CO 2 avoidance options. According to the scenarios of the IPCC (2005), a large portion of our current CO 2 emissions would have to be avoided by storing them underground. In order to keep global warming below the 2°C global average limit, which would allow adaptation under acceptable conditions, several thousand industrial storage sites would be needed very soon. A growing number of climate scientists fear that it is too late already to keep the global average warming below the 2°C target, that the implementation of CCS is too much delayed and that we do have to adapt to new conditions. The predictions made in the various IPCC scenarios (2007) indicate global average temperatures to rise by 2-6°C until the end of the century. ''Our addiction to fossil fuels grows stronger each year. Many clean energy technologies are available but they are not being deployed quickly enough to avert potentially disastrous consequences'' states Maria van der Hoeven, Vice President of the IEA, referring in particular to CCS (Harvey and Carrington 2012; IEA 2012) .
If CO 2 storage should contribute to a noticeable share in climate mitigation, as envisaged by various scenarios including CCS ''mitigation wedges'', a technical infrastructure comparable to or bigger than today's oil and gas industry may be needed, tying up capital for several decades! Other technological proposals for coping with rapid climate change are of global dimensions and have far reaching consequences as well. Large geo-engineering projects that include chemical or physical modifications of the high atmosphere or ocean fertilization might bring benefits for a particular region or society, with an uncertain outcome or even irreversible consequences for the rest of the world. Taking into account the risks of proposed but poorly understood geo-engineering measures, conservative thinking is replacing the enthusiasm, despite of the apparent urgency to take actions, and consequently geoengineering currently is subject to a moratorium of the UN biodiversity convention.
The dilemma of climate policy is that rapid decisions and the implementation of actions with far-reaching consequences may be needed, while we do not have the time to develop the technologies gradually. Moreover, the preferences for and consequences of measures that may be taken vary considerably for various people globally. Some may benefit from climate change, while most will suffer from it and have to make sacrifices for climate mitigation measures, for example power costs. Unfortunately there is no strong global governance (UNFCCC) that could impose measures and facilitate a fair global burden sharing at the present time. Thus, there is a risk that some states may block or further delay binding international agreements on CO 2 storage.
The use of CCS is also being reconsidered even by its proponents. The Zero Emission Technology Platform (ZEP) is worried the window of opportunity for CCS demonstration may be missed in Europe (ZEP 2012). The Platform's Technology Task Force proposes that CO 2 storage pilots should be built, ''particularly in those key CO 2 emitting countries in which NER300 projects are not about to happen'' (Christensen 2012), such as Germany. CCS may not be the indispensable, urgent, large-scale technology which could satisfy both security of supply and climate friendly power production. Therefore, in other scenarios alternative roles for CCS are seen, e.g.
• CO 2 could be stored in a recoverable manner for utilization, e.g. as a carbon source for chemical industries. However, only 1-10 % of the current CO 2 emissions are thought to be used in foreseeable options for CO 2 utilization in the near future (VCI and DECHEMA 2009 ).
• CCS could be an option for deep reduction needs in the second half of this century, including CO 2 from industrial processes, such as steel and cement production. However, the functions of these commodities may be fulfilled by other materials in the future. There are alternatives under development. Technology scenarios locked-into materials and technologies from the last century will probably prove to be wrong in the future. The rapid and partly unthinkable technological progress of that period gives hope for further progress and substitution of the current products by less resourceintensive or renewable materials (e.g. bio-refineries, resin-bound concrete, carbon fibres). Developing these young technologies and stimulating further innovation are important pillars of the technology and industry policy of industrialized countries, poor of natural resources.
• Going offshore for CO 2 storage may be an option to gain better public acceptance, or rather avoid resistance by affected local residents. High investment and operation costs prohibit this option unless additional benefits can be gained from storage, such as enhanced hydrocarbon production. Most of the European depleted oil fields will become available in the North Sea. Big industrial CO 2 sources are onshore. The investments into a CO 2 transport infrastructure would be huge and until today there is a debate about who could or should finance and bear the risks for pipelines, ships, terminals and intermediate storage required. Public or private institutions?
In any case, CO 2 storage can only be a bridging technology towards societies based on renewable energies. However, renewable energy technologies are material intensive and not sustainable at present. The industrial facilities for the production of renewable technologies are subsidized by decades of fossil fuel spent. Fossil fuel will be needed further on to build up renewable energy infrastructures (including their production facilities), hoping they may become sustainable in the future, so that they can satisfy all of our energy needs for consumption, production and rebuilding of the production facilities. The EU-funded NEEDS (2012) Project conducted life-cycle assessments for renewable energies. According to their projections for 2050, power production from renewables will still be associated with CO 2 emissions from the use of fossil fuel. CCS would require an additional share of available and limited fossil energy resources (resources also for chemical industry). How much of the fossil fuel resources should be used for putting carbon underground and how much for the rapid installation of renewable technologies? According to the IPCC and other scenarios, we need both. Given the uncertainties in socio-economic and climate scenarios, nobody can answer this question definitely. Thus, Fig. 1 Number of major CCS research entities in European countries, according to a recent survey by CGS Europe (after Rütters et al. 2012) Environ Earth Sci (2012) 67:633-636 635 independent from the debate about the ''right'' way of climate protection or the ''best energy-mix'', saving resources and exploiting existing mines and reservoirs as efficient as possible is reasonable in any case. Enhanced oil recovery (EOR) and CO 2 -enhanced natural gas recovery (CSEGR) are ways to improve the ultimate recovery and energy balance of hydrocarbon fields, with low investment costs (compared to the development of new fields). The substitution of coal by natural gas adds on to the greenhouse gas emission balance for CSEGR projects. Independent from the role CCS could have as a climate mitigation option, CSEGR and EOR are reasonable resource-efficient bridging technologies of primary energy production. However, there is a time window of opportunity for CSEGR projects. CO 2 has to be available to the fields, while infrastructure and human resources are still on site. For economical and legal reasons, the operators cannot keep up depleted fields for years, waiting for CO 2 to arrive. As in the case of the CLEAN Project, delays are often caused by various actors along the CCS chain, which are beyond control of the field operators. The window of opportunity has been missed, at least for the scientists of the CLEAN project, as the planned injection of CO 2 could not be realized during the funding period.
Since 1996, when CO 2 injection started at Sleipner, hundreds of research projects on CCS have been carried out in the European Union, financed by the European Commission, national research programmes and the private sector; ranging from individual research grants to large joint research networks involving hundreds of researchers and engineers (Fig. 1) . CLEAN is just one of them. In total, researchers have dedicated thousands of years to the development of CCS. The actual numbers are unknown, even to the European Commission promoting CCS. Yet, since 1996, apart from Sleipner, only one other industrialsize storage has gone into operation, in the Snøhvit field, in the Norwegian Arctic Sea. There is no power plant capturing and storing its CO 2 up to now.
Because of this slow progress in the implementation of CCS as a climate change mitigation technology, critics argue, the financial and human resources invested into CCS better might have been spent developing renewable technologies or measures to adapt to climate change. Though opportunities for CO 2 storage and enhanced recovery have been missed, at least some of the scientific results from the CLEAN and other research projects may be of practical value for a future climate friendly energy production based on renewables, e.g. for the exploration, development and monitoring of underground energy storage technologies.
